Sepsis remains a prevalent clinical challenge and the underlying pathophysiology is still poorly understood. To investigate the complex molecular mechanisms of sepsis, various animal models have been developed, the most frequently used being the cecal ligation and puncture (CLP) model in rodents. In this model, sepsis originates from a polymicrobial infectious focus within the abdominal cavity, followed by bacterial translocation into the blood compartment, which then triggers a systemic inflammatory response. A requirement of this model is that it is performed with high consistency to obtain reproducible results. Evidence is now emerging that the accompanying inflammatory response varies with the severity grade of sepsis, which is highly dependent on the extent of cecal ligation. In this protocol, we define standardized procedures for inducing sepsis in mice and rats by applying defined severity grades of sepsis through modulation of the position of cecal ligation. The CLP procedure can be performed in as little as 10 min for each animal by an experienced user, with additional time required for subsequent postoperative care and data collection.
INTRODUCTION
Sepsis and sepsis-associated multiorgan failure remain as major challenges for both scientists and clinicians. Despite extensive research in the past, the pathophysiology of sepsis in humans is still poorly understood, and hospitalization and mortality rates of septic patients have significantly increased in the United States between 1993 and 2003 (see ref. 1) . As a matter of fact, the sepsis syndrome is responsible for as many deaths as acute myocardial infarction in the United States, and sepsis is ranked as the tenth leading cause of death in the United States 2 . To study the underlying mechanisms of sepsis and the associated systemic inflammatory response, several experimental animal models have been developed, all of which attempt to mimic pathophysiological changes typically seen in septic patients 3 .
Cecal ligation and puncture in rodents has become the most widely used model for experimental sepsis and is currently considered as the gold standard in sepsis research [3] [4] [5] [6] . Having been developed more than 30 years ago, the CLP model is considered to be a realistic model for the induction of polymicrobial sepsis in experimental settings to study the underlying mechanisms of sepsis 3, 4, 7 . In brief, CLP features ligation below the ileocecal valve after midline laparotomy, followed by needle puncture of the cecum. As the cecum is an endogenous source of bacterial contamination, perforation of the cecum results in bacterial peritonitis, which is followed by translocation of mixed enteric bacteria into the blood compartment. At the onset of sepsis, bacteremia then triggers systemic activation of the inflammatory response, subsequent septic shock, multiorgan dysfunction and, finally, death. When the CLP model is used in rodents, they show disease patterns with typical symptoms of sepsis or septic shock, such as hypothermia, tachycardia and tachypnea.
Despite its clinical relevance and widespread use in sepsis research, one of the major concerns of the CLP model is consistency. In the past, various versions of CLP have been used, some of which differ substantially from its original description in 1979 (see ref. 8) . One of the advantages of the CLP model is that it can be adapted to induce sepsis with a range of severity, as described below. It is possible to tailor the severity for investigating acute as well as chronic sepsis 9, 10 . However, this feature is also its major weakness, as it is important that this model be used with high consistency to obtain reliable and reproducible results. On the basis of the characteristics of the model itself, the outcome after CLP is closely associated with several factors during the procedure. It has been suggested that the length of the cecum ligated is a major determinant of mortality and that elevated serum levels of proinflammatory cytokines were linked to increasing length of cecum ligation 11 . Other factors with an impact on the mortality following CLP are the size of needle used for the puncture and the number of punctures 12 . In a recent study, different severity grades of CLP-induced sepsis have been used to investigate the functional roles of C5a receptors (C5aR and C5L2) in experimental sepsis 13 . Most strikingly, it has been demonstrated that the underlying pathophysiology is based on the severity grade of disease. These findings fortify the importance that the procedure of CLP has to be performed with high consistency to be able to correctly and reproducibly evaluate findings obtained from animals subjected to CLP. Unlike needle size and the number of punctures, details of cecal ligation are not routinely described in experimental studies, although such information represents the most important determinants for variability in the CLP model 6, 11 .
In conclusion, it is an indispensable necessity that the CLP model is performed with high consistency, as the underlying inflammatory response and the outcome (survival rate) vary with the severity grade of sepsis. In a recent publication, we demonstrated that therapeutic interventions that showed highly protective effects in mid-grade sepsis were ineffective in a more severe form of sepsis 13 . Therefore, the model of CLP needs to be carried out in a standardized and uniform manner to create a controlled setting with a minimized number of variables that influence the outcome. reproducible tool to design the severity grade of experimental sepsis. As shown in our most recent studies, using defined severity grades of CLP-induced sepsis allows researchers to obtain important functional insights about the inflammatory response that otherwise may be masked by heterogeneity of sepsis severity 13 . Moreover, standardized performance of the CLP procedure facilitates the comparison of experimental results between laboratory groups.
In this protocol, we define standardized procedures to induce acute sepsis in mice and rats by CLP, and we characterize distinct locations for cecal ligation that correlate with predictable outcomes. Figures 1 and 2 illustrate the surgical procedures and the positions for needle puncture of the cecum to achieve high-or low-grade mortality (Figs. 2 and 3 ) to address scientific questions (e.g., how a therapeutic intervention effectively improves survival and the time frame after CLP in which an intervention is still effective). In the hands of an experienced investigator, the CLP procedure can be done in less than 10 min for each animal. Additional time is required for postoperative care and specimen and data collection.
Experimental design CLP procedure.
Cecal puncture involves a through and through puncture with a needle (into the cecum on one side and through the cecal wall on the opposite side). As described above, the number of punctures and the needle size determine the mortality rate 12 . The effects on mortality in mice after CLP as a function of needle size and number of punctures of the cecum and other variables, such as fluid resuscitation, broad-spectrum antibiotics and parental nutrition, have been described in detail in earlier publications 12, 14, 15 .
Controls.
Sham animals should undergo exactly the same procedures (Steps 1-9 and 13-18) except for the CLP (Steps 10-12), which are omitted in sham animals. Experimental protocols should include sham animals, in which there should be no mortality.
Furthermore, the procedure to induce sepsis should be carried out at the same time of the day because of circadian rhythm effects on the inflammatory response 8 . Anesthetics and analgesics. We routinely use a combination of ketamine and xylazine as the anesthetic/analgesic agents. As indicated, isoflurane can be used as the anesthetic agent, especially as it induces good relaxation of skeletal muscles, but its use requires a hood or specially ventilated room to prevent the agent from spreading in room air.
Variations of the CLP model. For instance, fluid resuscitation and broad-spectrum antibiotic therapy have been used in rodents subjected to CLP, resulting in improved survival 16, 17 . Another intervention, intended to simulate abdominal sepsis and its treatment in humans, involves post-CLP laparotomy with excision of the necrotic cecum and peritoneal washing. Under these conditions, survival is improved as a function of when the cecal resection was instituted after CLP: the earlier the resection is done, the better the outcome is 18, 19 . It depends on the focus of interest (e.g. mimicking the clinical situation versus investigating the basic pathogenesis of sepsis) whether any of these variations should be employed.
MATERIALS

REAGENTS
. C57BL/6 male mice (25-30 g) (Jackson Labs, cat. no. 000664) . Long-Evans rats (300-325 g) (Harlan) ! CAUTION Experiments must comply with national and institutional regulations concerning the use of animals for research purposes. Owing to substantial strain differences in both rats and mice, other strains of rats or mice are not interchangeable. Furthermore, because most genetically manipulated (knockout) mice are on a C57BL/6 background, this strain is most commonly used.
. Ketamine (80-100 mg per kg body weight) (Fort Dodge IA, cat. no.
0856-2013-01)
. . Metallic wound closure clips (Michel Roboz Surgical, cat. no.
RS-9272)
. Syringes (1 and 10 ml; Becton Dickinson, cat. no. 14-820-11) . The yellow line represents the basis of the cecum immediately below the ileocecal valve, which should be used as a reference to estimate the length of the cecum to be ligated. A major difference between mice and rats is that in rats a membrane stretches at the mesenteric site of the cecum (yellow area in b), which needs to be dissected before cecal ligation and which is not found in mice. In addition to medium and large ligation, small ligation (dotted blue line) comprising 10% of the cecum is presented for rats in (b). Figure 1d -g or Figure 2 (schematic), respectively. Green curves indicate the outcome after medium ligation (mid-grade sepsis), whereas red curves represent the settings of high-grade sepsis. Black curves reflect the outcome in sham animals, which underwent a similar procedure as CLP animals, including anesthesia and abdominal midline incision, with the only difference that the cecum in shams remained unmanipulated. 2| Anesthetize the animals with ketamine (80-100 mg per kg body weight i.p.) and xylazine (5-15 mg per kg body weight i.p.); other anesthesia strategies, such as inhalational anesthetics (isoflurane), may be considered as well.
3|
Monitor the intensity of anesthesia by toe pinch using tweezers. Adequate anesthesia should result in no response of extremity (e.g., no flexion of extremity).
4| Shave lower quadrants of the abdomen using an electric trimmer and disinfect the area with alcohol prep pads (Fig. 1a) .
5| Place animals onto Styrofoam pads on their backs, with heads oriented away from the operator. With adequate anesthesia, no restraints are needed.
Exposure 6| Make longitudinal skin midline incision with a scalpel, being careful not to penetrate into the peritoneal cavity. After the initial incision, use small scissors to extend the incision and to gain entry into the peritoneal cavity (mice, 1.5-2 cm; rats, 3-4 cm; Fig. 1b ).
7| Identify linea alba (midlines white fascia) of the abdominal musculature and dissect it for intermuscular incision and incision of fascial and peritoneal layers as shown in Figure 1b .
8| Locate the cecum by using blunt anatomical forceps to isolate the cecum and exteriorize it (Fig. 1c) , leaving the remainder of the small and large bowel within the peritoneal cavity. It is critical not to breach or damage the mesenterial blood vessels ( Fig. 1c; Fig. 2a and b) . In the majority of cases, the cecum is found on the left side of the abdomen 20 .
9| Rats only: carefully dissect the mesentery of the cecum (yellow area in Fig. 2b ). m CRITICAL STEP Be careful not to damage the cecal branch of the ileocecal artery to avoid severe bleeding complications.
10|
Ligate the cecum at the designated position for the desired severity grade ( Fig. 1d-g; Fig. 2a and b) . Make sure not to ligate the ileocecal valve so that intestinal continuity is maintained. For sham animals, skip Steps 10-12. m CRITICAL STEP The position of the ligation determines the intensity of sepsis. ? TROUBLESHOOTING 11| Before cecal perforation, push the cecal contents gently toward the distal cecum, and at the time of cecal puncture, gently aspirate any trapped air or gases. Perforate the cecum by single through-and-through puncture midway between the ligation and the tip of the cecum in a mesenteric-to-antimesenteric direction (Fig. 1h-k) . Be careful to avoid puncturing blood vessels.
12| After removing the needle, extrude a small amount (droplet) of feces from both the mesenteric and antimesenteric penetration holes to ensure patency. m CRITICAL STEP Make sure that the amount of extruded cecal content is limited (small droplet) and the same in all animals to guarantee consistency.
13| Relocate the cecum into the abdominal cavity without spreading feces from the cecum onto the abdominal wall wound margins.
Closure and postoperative care 14| Close the peritoneum, fasciae and abdominal musculature by applying simple running sutures.
15| Close the skin by using metallic clips or applying simple interrupted sutures (Fig. 1l) . 16| Resuscitate animals by injecting prewarmed normal saline (37 1C; 5 ml per 100 g body weight) subcutaneously. m CRITICAL STEP Without postoperative fluid resuscitation, animals are not able to demonstrate the early, hyperdynamic phase of sepsis 7, 8 . Further, it is important that the saline solution is prewarmed (37 1C) to avoid iatrogenic hypothermia, which most likely affects the outcome of CLP.
17| Inject buprenorphin (0.05 mg per kg body weight s.c.) for postoperative analgesia. Repeat every 6 h for at least 2 d.
18| Place mice or rats back in cages in a temperature-controlled room (22 1C) with 12-h light and dark cycles and monitor them every 6 h. Mice or rats are returned to cages immediately at the end of the surgical procedures where access to water and food is available.
TIMING
CLP procedure: approximately 10 min for each animal Postoperative monitoring: every half hour, for at least 2 h, and postoperative analgesia (
Step 17) every 6 h for at least 2 d
? TROUBLESHOOTING
Step 10 As emphasized above, the position of cecal ligation is the major determinant of mortality and severity of disease in the CLP model 11 . However, it is often difficult to determine the appropriate length of cecum to be ligated, as the size of the mouse cecum may vary between individual animals (even between accurately age-and weight-matched littermates). In this case, it is important that the ratio between the ligated cecum (distance between the distal pole and the ligation) and the distance from the ligation to the basis of the cecum (immediately below the ileocecal valve) is consistent (50%:50% for 'mid-grade' sepsis; 75%:25% for 'high-grade' sepsis;
Step 10 and Fig. 2 ). Owing to differences of various mouse and rat strains in the susceptibility for sepsis and other infectious diseases 21 , it is conceivable that, if different strains of animals are used, the mortality rates might slightly differ despite the fact that the CLP procedure is performed in the same standardized manner as described above. Another reason for variability of sepsis results may lie in differences in the volumes of extruded stool 8 . This sometimes imposes a difficulty, as the texture of cecal content can also vary considerably between animals.
ANTICIPATED RESULTS
The model of CLP is widely used and known to closely mimic the pathophysiology of septic human patients. Accordingly, polymicrobial sepsis is associated with an early hyperdynamic phase and a late hypodynamic phase. Similar to septic human patients, rodents with sepsis induced by CLP respond to fluid resuscitation and antibiotics 22, 23 . It is important to note that the rodent strain determines the susceptibility of animals to the response to CLP 21 . Rodents after CLP have positive blood cultures containing mixed enteric organisms that are detectable as early as 6 h after CLP 24 . While animals subjected to CLP appear healthy in the initial phase after the procedure, they begin to show clinical signs of sepsis at around 12 h following CLP, featuring malaise, fever, chills, piloerection, generalized weakness and reduced gross motor activity. Lethality begins at 18-24 h after CLP, indicating that CLP under the conditions described above represents a rapidly lethal model of acute sepsis. The overall lethality is closely related to the conditions under which CLP is used, and the position of the ligation is considered as a major determinant of mortality.
To determine the survival rates for the characterized positions of cecal ligation in this protocol, we used mice of C57BL/6 background or Long-Evans rats. The IACUC group of the University of Michigan Medical School approved all of the experimental protocols. In mice, medium cecal ligation (green dotted line in Fig. 2a) , which comprises 50% of the cecum, results in a survival rate of 40% (referred to as mid-grade sepsis; Fig. 3a) . Using this mid-grade form of sepsis, lethality seems to emerge in an early and a late phase: about 40% of mice die within the first 72 h, whereas another critical phase regarding mortality (another 20% of overall lethality) occurs between days 5 and 7. Most strikingly, when 75% of the cecum is being ligated (large; red dotted line in Fig. 2a) , usually all mice die within 4 d after CLP induction, which we define as high-grade sepsis. Usually, in both severity grades, the onset of sepsis occurs at around 12 h after CLP. The main part of lethality proceeds within the first 48 h, whereas the frequency of death events decreases with time, which correlates with the position of the cecal ligation (medium versus large), as does the overall outcome.
Survival rates in rats are similar to those in mice. Medium ligation (green dotted line in Fig. 2b ) results in a survival rate of 40%, whereas in high-grade sepsis (by large ligation; red dotted line in Fig. 2b ), all rats succumb to the lethal consequences of sepsis (Fig. 3b) . Under the conditions of high-grade sepsis, none of the rats survive beyond day 7. In either severity grade, no death events are usually denoted beyond day 7. As also shown in Figure 3b , the survival rate of sham-operated rats is 100%, whereas when the cecum was ligated in close proximity to the distal pole (comprising 10% of the cecum; blue dotted line in Fig. 2b) , survival is 90%. 
